A pixel analysis is carried out on the interacting face-on spiral galaxy NGC 5194 (M51A), using the HST/ACS images in the F435W, F555W and F814W (BV I) bands. After 4 × 4 binning of the HST/ACS images to secure a sufficient signal-to-noise ratio for each pixel, we derive several quantities describing the pixel color-magnitude diagram (pCMD) of NGC 5194: blue/red color cut, red pixel sequence parameters, blue pixel sequence parameters and blue-to-red pixel ratio. The red sequence pixels are mostly older than 1 Gyr, while the blue sequence pixels are mostly younger than 1 Gyr, in their luminosity-weighted mean stellar ages. The color variation in the red pixel sequence from V = 20 mag arcsec −2 to V = 17 mag arcsec −2 corresponds to a metallicity variation of ∆[Fe/H] ∼ 2 or an optical depth variation of ∆τ V ∼ 4 by dust, but the actual sequence is thought to originate from the combination of those two effects. At V < 20 mag arcsec −2 , the color variation in the blue pixel sequence corresponds to an age variation from 5 Myr to 300 Myr under the assumption of solar metallicity and τ V = 1. To investigate the spatial distributions of stellar populations, we divide pixel stellar populations using the pixel colorcolor diagram and population synthesis models. As a result, we find that the pixel population distributions across the spiral arms agree with a compressing process by spiral density waves: dense dust → newly-formed stars. The tidal interaction between NGC 5194 and NGC 5195 appears to enhance the star formation at the tidal bridge connecting the two galaxies. We find that the pixels corresponding to the central active galactic nucleus (AGN) area of NGC 5194 show a tight sequence at the bright-end of the pCMD, which are in the region of R ∼ 100 pc and may be a photometric indicator of AGN properties.
INTRODUCTION
NGC 5194 is one of the nearest galaxies with grand design spiral arms, also known as M51A 1 or the Whirlpool galaxy. NGC 5194 is a very interesting object not only because we can inspect its spiral arm structures with close and face-on views, but also because NGC 5194 is known to be interacting with its companion galaxy NGC 5195. The morphological type of NGC 5194 is Sbc (de Vaucouleurs et al. 1991) and that of NGC 5195 is SB0 (Sandage & Tammann 1987) . Due to such interesting properties, the entire area of the interacting system NGC 5194 + 5195 was covered using the Hubble Space Telescope (HST) and Advanced Camera for Surveys (ACS) with very high resolution by the Hubble Heritage Team (Mutchler et al. 2005) , despite its large angular size (∼ 9 ′ ). Owing to its scientific attraction and highquality data, NGC 5194 has been investigated by many researchers. One of the active studies on NGC 5194 using the HST data is the search and investigation of star clusters in it. Until now, about 2000 star clusters in M51 have been found and their physical properties, such as age and mass, were derived, revealing that the star cluster formation rate increased significantly during the period of 100 − 250 Myr ago, which is consistent with the epoch of the dynamical encounters of the two galaxies (e.g. Lee et al. 2005; Hwang & Lee 2008 . Bright stars are resolved as point sources in NGC 5194, like the star clusters. Kaleida & Scowen (2010) presented a photometric study of the stellar associations across the entire disk of NGC 5194, determining the age, size, mass, metallicity and dust content of each association as a function of location. In addition to the stellar properties, the collective properties of the HII regions in M51 were also investigated using the HST Hα-band data in Lee et al. (2011) . They found that the Hα luminosity functions have different slopes for different parts in M51, which implies that the HII regions in the interarm region are relatively older than those in the other parts of M51.
The effect of interaction on the properties of NGC 5194 is a topic studied by many researchers. Durrell et al. (2003) investigated the kinematics of planetary nebulae in M51's tidal debris, findonly. In this paper, to avoid the terminological confusion, we use the name 'M51' only when we mean the NGC 5194 + 5195 system. ing that the tidal debris consists of two discrete structures: NGC 5195's own tidal tail and diffuse material stripped from NGC 5194, which is consistent with the 'single-passage' model for the encounter with a 2:1 mass ratio. Meidt et al. (2008) tested whether the strong spiral structure is transient (i.e., interaction-driven) or steady, based on the radial dependence of the pattern speed, showing two distinct pattern speeds inside 4 kpc at their derived major axis, which are indicative of a long-lasting spiral structure.
The studies on the nuclear region of NGC 5194 are also active. Grillmair et al. (1997) analyzed the central region of NGC 5194 imaged with the HST, finding a complicated distribution of dust lanes. Those dust lanes are roughly aligned with the major axis of the bar and may be transporting gas to the AGN in the nucleus. Later, a Chandra observation on the AGN and nuclear outflows of NGC 5194 was carried out (Terashima & Wilson 2001) and showed a low-luminosity Seyfert 2 nucleus, southern extra-nuclear cloud and northern loop. The morphology of the extended emission is very similar to radio continuum and optical emission-line images. Lamers et al. (2002) inspected the ongoing massive star formation in the bulge of NGC 5194 using the HST/WFPC2 observation data and revealed that the bulge around the nucleus is dominated by a smooth reddish background population with overimposed dust lanes. They found 30 bright point-like sources in the bulge within 110-350 pc of the nucleus, which are probably isolated massive stars. Matsushita et al. (2004 Matsushita et al. ( , 2007 studied the jet-disturbed molecular gas near the NGC 5194 AGN, which showed the presence of a dense circumnuclear-rotating disk, which may be a reservoir that fuels the active nucleus and obscures it from direct optical view.
Those various studies revealed many interesting properties of NGC 5194, but there remains a useful analysis method not previously tried for NGC 5194: pixel analysis. Recently, pixel analysis methods started to be used for investigation of various galaxies, thanks to the observational facilities and techniques that provide high spatial resolution and high signal-to-noise ratio (S/N) even for individual pixels. One of the well-known pixel analysis methods is the pixel-z technique established by Conti et al. (2003) to investigate the star formation history of galaxies measured from individual pixels. Johnston et al. (2005) carried out pixel-by-pixel SED fitting for a galaxy hosting a compact steep-spectrum radio source MRC B1221−423, based on BV RIK imaging and spectroscopic observations. More recently, the pixel-z technique was applied for 44,964 galaxies to derive their ages, star formation rates, dust obscurations, metallicities, and morphology -density relations (Welikala et al. 2008 (Welikala et al. , 2009 ). Wijesinghe et al. (2010) extracted the physical properties of the SDSS galaxies with the pixel-z method, relating the spatial distribution of the physical properties with the morphological properties of galaxies.
The pixel-z method is powerful, but it is based on SED fitting, which depends on SED templates and fitting algorithms and requires images in many (at least four) bands. A simpler way is the pixel color-magnitude or color-color diagram analysis, which was tried a long time ago for estimating stellar populations in unresolved galaxies (e.g. Bothun 1986 ). Kassin et al. (2003) studied the stellar populations of merging galaxies NGC 4038/4039 in the BV K bands, deriving pixel-by-pixel maps of the distributions of stellar populations and dust extinction. From the pixel color-color diagrams (pCCDs) of those galaxies and population synthesis models, they estimated the approximate age and reddening of each pixel in those galaxies. Similarly, de Grijs et al. (2003) analyzed the pixel color-magnitude diagram (pCMD) and pCCD, to study the star formation histories of the Mice (NGC 4676) and Tadpole (UGC 10214) interacting galaxies. The spatial distributions of pixels in different domains of the pCMD and pCCD were investigated and revealed that galaxy interactions significantly affect stellar populations.
More recently, a systematic comparison of the pCMD features between galaxies with different morphologies was carried out by Lanyon-Foster et al. (2007) for a large number of galaxies. They studied 69 nearby galaxies chosen to span a wide range of Hubble types using their pCMDs and found that early-type galaxies exhibit clear prime sequences but some of them have dust-originated red hook features. They also found that lenticular galaxies show pCMD features similar to those of elliptical galaxies but tend to have larger color dispersions and that some pCMDs of face-on spirals show inverse-L features. In addition, they developed quantitative methods to characterize the pCMDs, such as the blue-to-red light ratio and total color dispersion. Lanyon-Foster et al. (2007) suggested a leading concept in the methodology of pCMD analysis: the quantification of pCMD features. By quantifying the various features in pCMDs, it is possible to compare the pCMDs systematically between different galaxies, which is a totally new methodology in galaxy studies using simple (but highly-resolved) image data. However, since the quantified parameters in Lanyon-Foster et al. (2007) are so simple they are not enough to describe the various features of pCMDs, that is, the pCMD analysis method is not perfectly established yet.
In this paper, we present a pixel analysis of the interacting face-on spiral galaxy, NGC 5194. The main goals of this paper are 1) to improve the understanding of NGC 5194 properties using pixel analysis methods and 2) to establish the pCMD analysis methods for future photometric studies of galaxies. For the second goal, NGC 5194 (or M51) is an ideal target, because it is a very nearby face-on galaxy, and the entire area was covered by the HST with very high spatial resolution. With the high-resolution image data, how the pCMD features vary as a function of spatial resolution can be tested.
The outline of this paper is as follows. Section 2 describes the data and §3 explains the pixel binning and analysis area. The results of the pixel analysis are shown in §4 and discussed in §5. Section 6 gives the conclusion. Throughout this paper, we adopt the cosmological parameters: h = 0.7, Ω Λ = 0.7, and Ω M = 0.3.
DATA
All the work in this paper was carried out using the data set obtained by the Hubble Heritage Team. They observed M51 using the HST Advanced Camera for Surveys (ACS) with F435W, F555W, F814W and F658N filters as part of HST program 10452. The observation was completed in January 2005 and the data were publicly released in April 2005, covering about a 6.8 ′ × 10.5 ′ field centered on M51. The accumulated exposure times are 2720, 1360 and 1360 seconds in F435W, F555W and F814W, respectively. The basic data processing, multi-drizzling and image combination were done by the Space Telescope Science Insti-tute (STScI) before the data release. More details on the observation and data reduction are available in Mutchler et al. (2005) . In this paper, we used F435W, F555W and F814W (hereafter, we refer to these filters simply as B, V and I, respectively) images. Pixel surface brightness and its photometric error were derived using the science and weight images 2 . Based on the instruction of the HST Data Handbook for ACS (version 5.0), we derived the following equations for pixel AB magnitude and photometric error in each band:
where m F , e F , P F and W F are the pixel AB magnitude, photometric error, science-image pixel value and weight-image pixel value in the F band, respectively. Z F is the magnitude zero point in the F band, which is 25.6732, 25.7349 and 25.9366 for the B, V and I bands, respectively. Surface brightness is defined as AB magnitude per unit angular area (1 arcsec 2 ).
The distance to NGC 5194 was estimated by Feldmeier et al. (1997) using the planetary nebula luminosity function, which we adopted in this paper: 8.4±0.6 Mpc (m−M = 29.62±0.15). At this distance, the linear scale is 40 parsecs per arcsecond, which corresponds to 2.0 parsecs per pixel for an HST/ACS pixel size of 0.05 ′′ . The foreground reddening toward NGC 5194 is E(B − V ) = 0.035, with the extinction in each band: A B = 0.150, A V = 0.115 and A I = 0.067 mag, which was calculated using the reddening map of Schlegel et al. (1998) and the reddening law of Cardelli et al. (1989) . All magnitudes, surface brightnesses and colors in this paper have been corrected for the foreground extinction.
PIXEL BINNING AND ANALYSIS AREA
The angular pixel scale of the HST/ACS is 0.05 ′′ , but the typical full width at half maximum (FWHM) of a point source in the HST/ACS is about 0.1 ′′ . Thus, to ensure that each binned pixel 2 The M51 Hubble Heritage Program data and related information can be retrieved from the following webpage: http://archive.stsci.edu/prepds/m51/index.html is statistically independent of the surrounding pixels in the pixel analysis, it is necessary to bin the pixels by a factor of at least 2. In this paper, we binned the pixels by a factor of 4 (4 × 4 binning) to improve the reliability of the pixel values (that is, to improve the S/N for each pixel). Fig. 1 displays the photometric error for the binned-pixel surface brightness, showing that even the faintest pixel has relatively good photometric quality (photometric error < ∼ 0.1 mag arcsec −2 ). In Fig. 1 , some discrete features are shown at the faint end, because the M51 images are drizzled ones. The Hubble Heritage Team provides a single drizzled image in each band, but it is actually a composition of multiple images, that is, the exposure time is not homogeneous for every pixel but different and discontinuous.
We analyze NGC 5194 only, because NGC 5195 has much higher level of internal dust attenuation than NGC 5194 does, which makes the pixel properties of NGC 5195 very different from those of NGC 5194. To define the NGC 5194 area, we draw a line (hereafter, the 'division line') that is vertical to the line connecting the centers of NGC 5194 and NGC 5195. The ratio between the distances of the division line to the NGC 5194 center and to the NGC 5195 center is manually selected to be 7:3, as shown in Fig. 2 . The central coordinate (J2000) of NGC 5194 is RA = 13h 29m 52.72s and Dec = +47d 11m 43.4s, while that of NGC 5195 is RA = 13h 29m 59.54s and Dec = +47d 15m 58.3s, which are directly estimated using the HST/ACS V -band drizzled image. The pixel analysis in this paper is carried out for the 'NGC 5194 area' defined in Fig. 2 (below the solid line).
RESULTS

pCMD
Color distribution as a function of surface brightness
We investigated the pixel color-magnitude relation of NGC 5194 using the pCMDs with 4 × 4 binning, as shown in Fig. 3 . In those pCMDs, most pixels form a sequence with large dispersion, in which brighter pixels tend to be redder. In that 'sequence', faint pixels have a large color dispersion, while the colors of bright pixels have a narrow range. However, there are some bright (V < 19 mag arcsec −2 ) 3 pixels with blue colors (e.g., V − I < 0.4), which have a very small number fraction compared to the bright pixels in the 'sequence' (hereafter, red pixel sequence). Those bright blue pixels seem to form another sequence with a large color dispersion rather than being continuously dispersed from the red pixel sequence. The two tentative (red and blue) pixel sequences are obviously distinct for bright pixels, whereas they are less distinct for fainter pixels. The overall shape of those sequences is like two branches with different thicknesses, stemming from a single root.
For a quantitative analysis of the pCMD features, we investigated the color distribution as a function of pixel surface brightness. In Fig. 4 , the pixel color distribution is presented for every 0.5 mag arcsec −2 interval between 17.5 ≤ V < 21.0 mag arcsec −2 and fit using single, double or triple Gaussian functions. The Gaussian fit parameters Table 1 ) at 18.5 ≤ V < 19.5 mag arcsec −2 .
are summarized in Table 1 . The color distributions for the brightest pixels and for the faintest pixels in Fig. 4 are fit well by single Gaussians, but the intermediate brightness (18 ≤ V < 20.5 mag arcsec −2 ) pixels show mostly bimodal color distributions. It is noted that the pixels at 18.0 ≤ V < 18.5 mag arcsec −2 show a very red component (the third Gaussian), which mostly corresponds to the pixels with heavy dust extinction in the bulge. Double Gaussians are most largely separated at 18.5 ≤ V < 19.5 mag arcsec −2 , where the double Gaussian peak±dispersion values are B − V = 0.247 ± 0.237 and 0.568 ± 0.135; and V − I = 0.212 ± 0.279 and 0.736 ± 0.160. At 18.5 ≤ V < 19.5 mag arcsec −2 , the blue-to-red pixel number ratio (blue/red ratio) estimated using the blue and red Gaussians (that is, the Gaussian area ratio) is 0.689 for B − V and 0.381 for V − I.
The double Gaussian fitting is a reasonable method to segregate blue/red pixels and to estimate the blue/red ratio, but it has two problems. First, as shown in Fig. 4 , double Gaussians are clearly separated only at a narrow range of surface brightness, and thus it is difficult to apply it to all the pixels. Since the pixels at 18.5 ≤ V < 19.5 mag arcsec −2 are a small part of the entire pixel set, those pixels may not necessarily represent the total pixel properties. At the surface brightness range where the color separation is not clear (e.g., 19.5 ≤ V < 20 mag arcsec −2 ), the double Gaussian fit results significantly depend on the initial values, making their reliability low. Second, it is difficult to apply the double Gaussian fitting method to pCMDs with low pixel resolutions, since it requires at least hundreds of pixels at a given surface brightness interval for statistical reliability. Thus, this method is limited to nearby galaxies imaged using good facilities and thus applicable to a very small sample of galaxies.
For those reasons, we devised a simple method to quantify the shape of pCMDs. In this method, we divide the pixels into blue and red ones with fixed color cuts, which are based on the double Gaussian fits at 18.5 ≤ V < 19.5 mag arcsec −2 . As the color cuts, we selected the 'red Gaussian peak color' − 2 × 'red Gaussian dispersion' values (x 2 − 2σ 2 ; see Table 1 ) at 18.5 ≤ V < 19.5 mag arcsec −2 , which are B − V = 0.299 and V − I = 0.416. We based the color cuts on the red Gaussian not the blue Gaussian, because (1) red pixel sequences are commonly found both in early-type and late-type galaxies and (2) blue pixel sequences are too sensitive to short-timescale variations like recent star formation. The vertical lines in Fig. 4 show those color boundaries, dividing appropriately the blue and red pixels.
Fig. 5 displays the spatial distributions of the blue and red pixels at V < 21 mag arcsec −2 . It is obvious that blue pixels are biased to disk and spiral arms, while red pixels are more concentrated on the bulge area than blue pixels. However, it is noted that a large number of red pixels are also found along the spiral arms. More detailed analysis on the pixel stellar populations and their spatial distribution will be shown in §4.2. The pixels at V < 20 mag arcsec −2 reveal the spiral-arm patterns clearly, but they miss a large fraction of pixels in NGC 5194. Thus, we use the pixels at V < 20 mag arcsec −2 for the simple inspection of pixel distribution and spiral arm structure definition (e.g., §4.2.2), while we use the pixels at V < 21 mag arcsec −2 for the statistical analysis of pixel populations (e.g., §4.2.3). Fig. 6 shows some statistics of the pCMDs divided into blue and red pixels. As already described qualitatively, the blue pixels and red pixels form two distinct sequences: the brighter pixels tend to be bluer in the blue pixel sequence, while they tend to be redder in the red pixel sequence. Another noticeable result is that the blue/red ratio shows a peak at 19.5 ≤ V < 20.0 mag arcsec −2 both in the B − V and in the V − I colors. Since the spiral-arm patterns (that is, the spatial distributions of the high-density area of blue stars) are seen most obviously at V < 20 mag arcsec −2 , the blue/red ratio peak seems to be mainly due to the young stellar populations in the spiral arms. The blue/red ratio shows a bottom at 18.0 ≤ V < 18.5 mag arcsec −2 both in the B − V and V − I colors and another bottom at 20.5 ≤ V < 21.0 mag arcsec −2 in the V − I color. The parameters describing the shapes of the pCMDs are listed in Table 2 .
It is noted that there are some 'plume' features that run from the red pixel sequence to the redder domain in Fig. 6 , which is particularly clear in the V − I pCMD. Actually, the pixel number fraction corresponding to those plume features is relatively small compared to all the pixels in the red pixel sequence, but the plume features stretch out to very red colors (even more than 5 times the sample inter-quartile range (SIQR) at 20 < V < 21 mag arcsec −2 ). In Fig. 7 (a), the direction to which those plumes stretch seems to agree with the di- rection of dust extinction, which indicates that the plume features are closely related to dust extinction. Fig. 7(b) shows that different plumes in the pCMD correspond to different structural components. For example, the brightest plume corresponds to the central part of the bulge, while the faintest plume corresponds to the inner part of the spiral arms. One possibility for why the pixels appear to be clumped into plumes rather than smoothly distributed is that the dust distribution in and around the NGC 5194 center may be clumped and not smoothly distributed. This needs to be checked using some high resolution infrared observation, which is out of the scope of this paper.
Resolution dependence
In §4.1.1, we derived several quantities describing the shapes of the NGC 5194 pCMDs. However, those quantities need to be compared to other galaxies for the statistical interpretation of the pCMDs related to the physical properties of galaxies 4 . For example, by comparing the pCMD features between different galaxies with infrared (IR) information, we can investigate how the optical pCMD features depend on the IR properties of galaxies, that is, how dust affects the shape of a pCMD. If there is a systematic pattern in the distortion of the pCMD by dust (e.g., the slope variation of the red pixel sequence), it can be inversely used as an optical indicator of dust content for galaxies without IR information. In those comparisons, sample galaxies may have different spatial resolutions in their image data, and thus it is necessary to estimate how the pCMD features depend on spatial resolution. −1 ) corresponds to the best spatial resolution using a ground-based telescope (0.5 ′′ ) for NGC 5194 or the typical spatial resolution of the HST (0.1 ′′ ) for an object at z = 0.02. When we observe an object at z = 0.02 using ground-based telescopes with the best seeing condition (0.5 ′′ ), its pCMD will be like the 100 × 100 binning result in Fig. 8 .
The color dispersion in the pCMD decreases as the spatial resolution becomes poor, but the blue and red pixel sequences and the blue/red ratio peak are distinguishable clearly to 50 × 50 binning and marginally to 100×100 binning. In the pCMD with 200×200 binning, however, those features are smoothed out and hardly distinguishable. Thus, if we want to see the blue/red pixel sequences clearly, we need at least 100 parsec resolution. Tables 3 -5 list the blue and red pixel sequence parameters and the blue/red ratio as a function of the spatial resolution.
4 Such comparisons will be done in our future studies. 9 shows the blue/red ratios as a function of pixel surface brightness to estimate the exact pixel surface brightness where the peak blue/red ratio is found (µ peak ) for various resolutions. The blue/red ratio was calculated with pixels in the 0.5 mag arcsec −2 surface brightness interval, in which the central surface brightness varies in a step of 0.05 mag arcsec −2 . For 4 × 4 binning, the µ peak is commonly 19.7 mag arcsec −2 both when using the B − V color cut and when using the V − I color cut. The µ peak value is almost constant up to the 50 × 50 binning, showing that the µ peak does not significantly depend on spatial resolution when the spatial resolution is finer than some critical value (∼ 100 pc pixel −1 ). Why is this scale critical for the pixel analysis? One possible answer is that 100 pc is the critical scale discriminating between stellar-scale structures and galaxy-scale structures. The sizes of typical star clusters are smaller than 10 pc and even extraordinarily large star clusters like faint fuzzy clusters in M51 are smaller than 15 pc . 100 pc is a scale larger than the typical star cluster scale by the order of 1, from which multiple stellar compo- nents in some galaxy-scale structures may start to be singled out significantly. Thus, spatial resolution sparser than 100 pc pixel −1 is not appropriate for pixel analysis.
Spatial Variation of Stellar Populations
Stellar population division based on the pCCD
Since the linear scale of a 4 × 4 binned pixel is 8 parsecs, the light of many stars may be integrated in a binned pixel. Basically, the stars in each pixel may not be a simple stellar pop-ulation (SSP), but a mixture of old stars and young stars at almost every pixel. However, it is fundamentally impossible to estimate the exact star formation history only using 3-band colors: only if we suppose 2 SSPs, we need to determine at least 6 quantities (age and metallicity of population 1, age and metallicity of population 2, the ratio between populations 1 and 2, and dust extinction) from two colors. In this case, a more practical approach is to estimate the SSP-equivalent values, which represent the luminosity-weighted mean values (e.g. Smith et al. 2009; Du et al. 2010; Price et al. 2011 ).
If we suppose that the stars in a given pixel are an SSP (that is, if they have the same age and metal abundance), we can estimate their approximate age and metallicity by comparing their colors with population synthesis models. However, since the effects of age and metallicity on the optical colors degenerate, such an estimation still needs some assumptions, like supposing that the stars have solar metallicity. In addition, the optical colors are significantly affected by dust attenuation. Thus, in principle, it is very difficult to estimate the SSP-equivalent age and metallicity and dust attenuation of the individual pixels using only two optical colors.
In spite of such difficulties, however, it is still possible to statistically estimate those quantities of a large number of pixels with some reasonable assumptions. Fig. 10 shows the (4 × 4 binned) pixel color-color relation in NGC 5194 with several population synthesis models (Bruzual & Charlot 2003) . Although all the factors, age, metallicity and dust attenuation, affect the optical colors, the pCCD is approximately divided into several domains for different stellar populations. For example, the domain with blue B − V and V − I colors (P1) is for very young stellar populations regardless of their metallicity and not for populations with strong dust attenuation (τ V ≥ 3). The domain with blue B − V color but red V − I color (P2) is for young and dusty stellar populations and the domain with red B − V and V − I colors is for old stellar populations for moderate metallicity and dust attenuation (P4). The domain with blue V −I but red B−V color (P5) seems to be for nonstellar pixels, of which the fraction is small. This pixel division is not rigorous, but useful for the statistical investigation of stellar population dis- tribution. The population division criteria used in this paper are as follows: 
In most conditions (i.e., almost regardless of metallicity and dust), P1 pixels represent stellar populations younger than 100 Myr, although young (< 100 Myr) populations do not always belong to P1. Meanwhile, P2 pixels represent stellar populations younger than 10 Myr with significant dust content (τ V 1), although young and dusty but very metal poor (e.g., Z = 0.0001) populations do not belong to P2. On the other hand, the P3 (intermediate-domain) pixels may be metalrich populations with age of 100 Myr -1 Gyr and τ V = 0 or metal-poor populations with ages of 100 Myr -1 Gyr and τ V = 5 or metal-poor populations with ages of 1 Gyr -10 Gyr and τ V = 0, which shows extremely strong degeneracy of age, metallicity and dust extinction. Similarly, the P4 pixels may be metal-rich populations with ages of 1 Gyr -10 Gyr and τ V = 0 or metal-poor populations with ages of 1 Gyr -10 Gyr and τ V = 5 or metal-rich populations with ages of 100 Myr -1 Gyr and τ V = 5. Thus, the P4 pixels have a high probability of being old populations, but they are not necessarily old. This is the limit of the twocolor-based classification, and the pixel classification in Fig. 10 is just an approximation. However, the P1 and P2 pixels are relatively good approximations of a young stellar population and young and a dusty stellar population, respectively. Thus, our analysis on the population variation mainly focuses on these two pixel populations. Fig. 11(a) shows the number fraction of each population defined in Fig. 10 as a function of NGC 5194's radius. The old population (P4) is mainly distributed at the inner area of NGC 5194 within 120 ′′ (≈ 4.8 kpc), while the young population (P1) increases with the radius until ∼ 180 ′′ (≈ 7.2 kpc). It is interesting that the young and dusty population (P2) is almost constantly distributed at radius > 40 ′′ (≈ 1.6 kpc) but it shows a peak at ∼ 25 ′′ (≈ 1 kpc). The peak of P2 is due to the existence of the dusty inner ring of NGC 5194 (Pierce 1986) as shown in Fig. 12 , which seems to be connected to the dusty populations in the spiral arms. The P5 fraction is very small (< 0.1%) in the NGC 5194 center, but it increases with the radius, to the entire pixels, as a function of the radius. is very small at such a large radius, as shown in Fig. 11(b) . This result gives a hint about the origin of the P5 color, implying that the P5 may be related to background light. For example, some background galaxies at high redshifts have colors like those of the P5 pixels (i.e., blue V − I color but red B − V color; e.g. Hildebrandt et al. 2005) . The color of the P5 pixels, which is not easily explained using population synthesis models at z = 0, may be the result of the mixture of the faint extended light from NGC 5194 and the background light from high-redshift galaxies. Fig. 13 displays the surface brightness distribution of each pixel population, showing that most of the P5 pixels are significantly biased to faint surface brightness (V 22 mag arcsec −2 ). The results in Fig. 11 (b) and Fig. 13 confirm that the P5 pixels are biased to the outskirt and faint pixels, which supports the possibility that the P5 pixels are contaminated by background light.
The other (P1 -P4) pixels may also be partially contaminated by background light. It is very dif-
Fig.
14.-Spiral arms definition in the clockwise(CW)-angle from NGC 5195 versus radius plot for pixels with V < 20 mag arcsec −2 . The radius is in logarithmic scale. The dashed lines are manually-selected limits of the two spiral arms in NGC 5194, within which the spiral arms (solid lines) are defined using the linear leastsquares fit method. The horizontal solid line indicates 360
• , the NGC 5195 direction.
ficult to quantify by how much, but we discuss it qualitatively here. The color vector of such contaminations may be to the direction of bluer V − I and redder B − V colors (from lower-right to upper-left in Fig. 10 ), which is almost independent of the division between P1, P3 and P4 pixels. On the other hand, the P2 pixels may appear to be P3 or P4 pixels by the contamination. However, such an effect (1) will be very weak for bright pixels (e.g., V < 21 mag arcsec −2 ; the pixel surface brightness limit in §4.2.3) and (2) will make the population variations be seen weaker rather than stronger. In short, the effect of the background light on our results may be very limited and our results may show the lower limits of the population variations.
NGC 5194 area division
Here, we focus on the population variations in two viewpoints: 1) the variation across the spi- The spiral arms were defined in Fig. 14 and the 
±30
• from the spiral arms are set as the boundary, dividing six areas: A1 -A6. Outer ring: Two spiral arms are neither perfectly symmetric nor perfectly spiral. Thus, the area boundary is set manually so that 'B1 -B2' and 'B3 -B4' are approximately symmetric in the spiral structures. ral arms and 2) the difference between the NGC 5195 direction and the opposite direction. To investigate these variations, the spiral arms of NGC 5194 need to be defined reasonably. We defined the spiral arms by fitting the spatial distribution of bright (V < 20 mag arcsec −2 ) pixels. A spiral pattern is linearly distributed in the angle versus log radius plot, but the spiral arms of NGC 5194 are significantly distorted at the outskirt area due to the interaction with NGC 5195. Thus, we fit the spiral arms only in the radius range of 40 -120 arcseconds (1.6 -4.8 kpc) as shown in Fig. 14 , which returns the spiral arm coordinate equations of: Θ = 465.056 × log R − 630.692
and Θ = 475.812 × log R − 473.584,
where Θ is the clockwise position angle from the NGC 5195 direction in the unit of degree and R is the distance to the NGC 5194 center in the unit of arcsecond. Equation 8 is for the spiral arm between A1 and A2 (hereafter SA1) and Equation 9 is for that between A4 and A5 (SA2) in Fig. 15 . Based on the defined spiral arm location, we selected ten areas as shown in Fig. 15 . At 1.6 < R < 4.8 kpc, the A1 -A2 and A4 -A5 cover the ±30
• areas of SA1 and SA2, respectively, and A3 and A6 areas are the inter-arm areas. Supposing that the spiral arms of NGC 5194 are trailing arms and considering that the rotation velocity of spiral patterns are known to be slower than inner disk stars, we refer to A1 and A4 as the areas 'after' the spiral arms and A2 and A5 as the areas 'before' the spiral arms, in the sense that the relative motion of stars to the spiral arms is along A2 → A1 (or A5 → A4).
At 4.8 < R < 8 kpc, the B1 -B2 and B3 -B4 areas are the outskirt spiral arms, distorted by the tidal interaction with NGC 5195. These areas were set manually, referring to the spiral arm equations (8 and Fig. 16 shows the population variation across the spiral arms. The fractions of the populations are slightly different between the two spiral arms, but their variation trends are strikingly consistent. Before and after the spiral arms, the fraction of the young population (P1) increases twice or more (0.35% in A2 → 0.68% in A1; 0.43% in A5 → 1.12% in A4). The difference between the beforearm areas and inter-arm areas are relatively small. On the other hand, the young and dusty population (P2) is most dominant in the before-arm areas (∼ 10% in A2 and A5, but 4 − 8% in other areas). The old population (P4) shows an increasing fraction along after-arm → before-arm → inter-arm areas. Fig. 17 compares the outskirt populations between the two spiral arms. In the outskirt area of SA1 (B1 and B2), the fraction of the young population (P1) is almost constant (∼ 4%), whereas that in B4 (9.3%)is significantly larger than that in B3 (5.9%; by more than 1.5 factor). We also found that the fraction of the old population (P4) shows opposite trends between the outskirts of SA1 and SA2: the P4 fraction along B3 → B4 decreases almost by half (38% → 21%), while that along B1 → B2 increases by a 1.4 factor (33% → 47%). The fraction of the young and dusty population (P2) decreases along the outward direction of spiral arms both in SA1 and SA2, but the decrease along B3 → B4 (11.7% → 10.9%) is smaller than that along B1 → B2 (9.9% → 6.7%). Since the B4 area is connected to NGC 5195, the interaction with NGC 5195 seems to have affected the stellar populations in B4.
Population Variation
Bright-End Pixels
In the NGC 5194 pCMD, one interesting feature is found at the bright-end of the red pixel sequence: the sequence turns into the opposite direction, resulting in bluer colors for brighter pixels. To investigate the nature of those bright pixels, we first divided the bright-end (V < 17.25 mag arcsec −2 ) pixels using their colors. Fig. 18 shows the pCMDs and pCCD of the NGC 5194 brightend pixels. There is a population forming a tight sequence in the pCMD (bright-end sequence population; BSP), which is defined as the pixels within a narrow cylinder in the 3-dimensional domain of V -(B − V ) -(V − I). The cross section of the cylinder has a radius of 0.2 in the plane of (B − V ) -(V − I) at a given V , and the center of the cross section as a function of V is defined as:
which were derived using linear least-squares fitting. The bright pixels out of the cylinder were divided into four populations as shown in Fig. 18(c) : pixels red both in B − V and V − I (red dots), pixels red in B − V but blue in V − I (green dots), −2 ) pixels of NGC 5194. The dot colors are as defined in Fig. 18 , except for the gray dots (V < 17.25 mag arcsec −2 ). The center of NGC 5194 is marked as a white cross (RA = 13h 29m 52.72s, Dec = +47d 11m 43.4s, J2000). pixels blue both in B − V and V − I (blue dots) and pixels blue in B − V but red in V − I (cyan dots). Note that the pCMD slope of these bright pixels (∆(V − I)/∆V = 0.147 ± 0.006) is different from the slope by dust extinction (∆(V −I)/∆V = 0.226; see Fig. 7 ), which implies that the BSP sequence slope is not explained using dust extinction only.
The spatial distribution of those bright pixels is shown in Fig. 19 . The pixels blue both in B − V and in V − I (blue dots) are distributed along the spiral arms and the dusty ring area, but the other 'non-BSP' pixels are scattered irregularly. The most impressive result is that the BSP pixels are highly concentrated on the NGC 5194 center within ∼ 100 parsecs in radius. In the lower-right box of Fig. 19 (the zoomed-up map of the NGC 5194 center), the BSP pixels are compactly concentrated but are divided into two areas by the non-BSP pixels that seem to form a dust lane. It is known that an active galactic nucleus (AGN) exists at the center of NGC 5194 and it Fig. 18 , except for the gray dots (V < 17.25 mag arcsec −2 ). The vertical line is drawn at R = 2.5 ′′ (≈ 100 pc).
was already investigated using radio and X-ray observations (Ford et al. 1985; Terashima & Wilson 2001) , which may be closely related to the nature of the BSP pixels. Fig. 20 shows the radial distribution of pixel surface brightness in the bulge area of NGC 5194. Whereas the pixels at R > 1 ′′ follow the well-known R 1 4 profile, the pixels at R < 1 ′′ have a very rapid slope, which implies that the central pixels may be significantly affected by the AGN.
DISCUSSION
Interpretation of the pCMD
Here, we discuss several parameters/features describing the pCMD of NGC 5194, which will be useful for quantitative comparisons of pCMDs between different galaxies. To establish a systematic pCMD analysis method, these parameters need to be accumulated and statistically compared between various types of galaxies in the future. The pCMD data of NGC 5194 are the beginning of such data accumulation.
Blue/red color cut
The boundary color itself between blue and red pixels is an important parameter describing the features of pCMDs. In this paper, we derived it using double Gaussian fitting of the pixels with 18.5 ≤ V < 19.5 mag arcsec −2 , because the pixels in that surface brightness range show most clearly separated double Gaussian color distribution. It is noted that such a best surface brightness range may not be universal for all galaxies. Actually, even for NGC 5194, different binning factors return different best surface brightness ranges, because the pixel surface brightness tends to be squashed (i.e., bright pixels become less bright while faint pixels become brighter) when they are binned with large factors. Thus, it is best to select the best surface brightness range case by case, which shows the most clearly separated double Gaussian distribution. Since our blue/red color cut is based on the red Gaussian (i.e., the red pixel sequence) not the blue Gaussian, it is relatively insensitive to short-timescale activity like recent star formation. Instead, it is a parameter reflecting the metal abundance and dust content of NGC 5194, as the red pixel sequence does. -Foster et al. (2007) showed that red pixel sequences 5 are found not only in earlytype galaxies, but also in some late-type galaxies. The red pixel sequences in late-type galaxies are particularly clear for bulge-dominated late-type galaxies and they have color dispersions larger than those in early-type galaxies. The pCMD shape of NGC 5194 is approximately consistent with the late-type galaxy pCMDs described by Lanyon-Foster et al. (2007) , although their details largely depend on the individual characteristics of late-type galaxies.
Red pixel sequence
Lanyon
Since the red and blue pixel sequences are individually defined in the B − V and V − I colors, the pixels in those sequences have slightly different meanings according to the criterion color. The B − V red sequence pixels consist of mostly P4 pixels and some P2, P3 and P5 pixels, while the V − I red sequence pixels consist of mostly P2 and P4 pixels and a small fraction of P3 and P5 pixels.
However, since the number of P2 and P5 pixels is much smaller than that of P4 pixels (f P 4 > 80% at R < 90 ′′ and f P 4 > 50% at R < 130 ′′ ; see Fig. 11 ), the dominant pixel population in the red pixel sequence is the P4, for both B − V and V − I colors. Thus, if we suppose solar metallicity (Z = 0.02) and moderate dust extinction (τ V = 1), the luminosity-weighted mean stellar ages of the red sequence pixels are mostly 1 Gyr. However, some pixels in the plume features (particularly in the V − I pCMD) may be very young (< 10 Myr) and dusty populations, as discussed in §4.2.3.
There are two major factors affecting the pCMD red pixel sequences. First, since pixels closer to the center of a galaxy tend to be brighter, a red pixel sequence reflects the color gradient along the radius of a galaxy (or a galaxy bulge). It is well known that the main origin of the color gradient of bulges or elliptical galaxies is their metallicity gradient (e.g. Ko & Im 2005; La Barbera & de Carvalho 2009; Tortora et al. 2010) , which is an important factor determining the shape of the red pixel sequence. When it is supposed that the red pixel sequence slope is purely determined by metallicity variation, the estimated metallicity difference between V = 20 mag arcsec −2 and V = 17 mag arcsec −2 is as large as ∆[Fe/H] ∼ 2 (from Z ≈ 0.0002 to Z ≈ 0.02; with mean stellar age = 3 Gyr and τ V = 1 assumptions). However, since the typical metallicity gradients of early-type galaxies (of which properties are very similar to those of bulges) are smaller than 0.6 (Spolaor et al. 2010) , this estimated metallicity difference is too large.
The second factor is internal dust attenuation. As reported by Lanyon-Foster et al. (2007) , some elliptical galaxies show hook features in their red pixel sequences, which seems to be affected by dust. Since dust makes optical colors redder, the shape of a red pixel sequence is distorted according to the distribution of dust in a galaxy. When it is supposed that the red pixel sequence slope is purely determined by dust attenuation, the estimated optical depth difference by dust between V = 20 mag arcsec −2 and V = 17 mag arcsec −2 is as large as ∆τ V ∼ 4, corresponding to
However, the actual red pixel sequence in the pCCD does not exactly agree with either the sequence of the metallicity effect or that of the dust effect. Thus, the red pixel sequence is thought to be affected by both metallicity and dust variations, and in addition, the effect of age variation may not be zero. As shown in Lanyon-Foster et al.
(2007, see their Section 3.3.1 on the red hook features), the effect of dust on the red pixel sequence slope seems to be different from that of metallicity. Thus, if pCMD data for a large enough number (more than several tens) of galaxies with independently estimated metallicity and dust information are secured, we can establish a statistical method to distinguish the effects of metallicity and dust on the red pixel sequence slope and color offset. After that, inversely, it will be possible to estimate the approximate metallicity and dust content of galaxies only using their pCMDs.
Blue pixel sequence
As displayed in Fig. 5a , the blue pixel sequence reflects the properties of the disk and spiral arms: the star-forming area with young stars. Like the red pixel sequence, the blue pixel sequence has slightly different meanings according to the criterion color. The pixels in the B − V blue pixel sequence consist of P1, P2 and P3 pixels, while the pixels in the V − I blue pixel sequence consist of P1, P3 and P5 pixels. For those populations, if solar metallicity (Z = 0.02) and moderate dust extinction (τ V = 1) are supposed, the luminosityweighted mean stellar ages of the blue sequence pixels are mostly 1 Gyr. When it is supposed that the color variation in the blue pixel sequence is purely due to age variation, the estimated SSPequivalent age of the blue pixel sequence at V < 20 mag arcsec −2 ranges from 5 Myr (at V ∼ 16 mag arcsec −2 ) to 300 Myr (at V ∼ 20 mag arcsec −2 ; with solar metallicity and τ V = 1 assumptions). This pixel age estimation agrees with the result of Hwang & Lee (2010) that the star cluster formation rate in M51 increased significantly during the period of 100 − 250 Myr ago.
Since the pixels along spiral arms tend to be relatively bright (V < 20 − 21 mag arcsec −2 ), we infer that the brightest tip of the blue pixel sequence may be brighter for a galaxy with brighter and more obvious spiral arms. However, to use the brightest tip of the blue pixel sequence as a star formation rate indicator, it should be considered that the brightest tip strongly depends on spatial resolution, as shown in Fig. 8 and Tables 3-4. In addition to the brightest tip, the color dispersion at given surface brightness may be also a possible parameter reflecting the star formation history of a galaxy. -Foster et al. (2007) suggested that total blue/red light ratio of a galaxy can be used as a morphology indicator for that galaxy, showing a good correlation between the total blue/red ratio and galaxy morphological type. As an extension of such an idea, we investigated the blue/red ratio as a function of pixel surface brightness in §4.1.1. As a result, we found that the pCMD of NGC 5194 shows a remarkable feature of the blue/red ratio peak at 19.5 ≤ V < 20.0 mag arcsec −2 , which is consistently found even in the low-resolution versions of the pCMD up to 100 × 100 binning (200 pc pixel −1 resolution). Interestingly, the peak blue/red ratio itself in the B − V pCMD remains consistent within 1-σ uncertainty up to the 50 × 50 binning (100 pc pixel −1 resolution) pCMD (0.532 ± 0.061). However, the peak blue/red ratio in the V − I pCMD tends to decrease as the binning factor increases.
Blue/red ratio
Lanyon
The pixels around the surface brightness for the blue/red ratio peak (µ peak ∼ 19.7 mag arcsec −2 ) reveal the spiral-arm patterns well, indicating that the blue/red ratio in this range is a measure of the spiral arm fraction in this galaxy. This parameter may be a morphology indicator better than the total blue/red light ratio, because it is derived in a controlled surface brightness range. The µ peak does not depend on spatial resolution, when spatial resolution is finer than ∼ 100 pc pixel −1 . However, it needs to be checked whether µ peak is universal or depending on individual properties of spiral galaxies.
In principle, the total color itself of a galaxy can not be a perfect morphology indicator, because there are some unusual types of galaxies such as blue early-type galaxies and red late-type galaxies (e.g. Lee et al. 2008 Lee et al. , 2010a . However, the combination of µ peak and the blue/red ratio at µ peak may be useful to discriminate blue early-type galaxies from usual late-type galaxies, because blue early-type galaxies are known to be bluest at their brightest center (that is, the surface brightness distributions of their blue pixels may be different from those of usual late-type galaxies; Lee et al. 2006 Lee et al. , 2008 . This needs to be tested in future studies.
Spatial Distribution of Pixel Stellar Populations
The spatial distributions of pixels in different color domains show how stellar populations vary according to their location. In NGC 5194, there seem to be two important factors affecting the internal distribution of stellar populations. The first is the effect of spiral arms. In Fig. 16 , from the 'before-arm' area to the 'after-arm' area, it is clear that the fraction of the young population (P1) increases largely (by factor of ∼ 1.9 or 2.6) while the young and dusty population (P2) decreases (by factor of ∼ 0.6 or 0.8). These results are explained by the density wave model (Lindblad 1963; Toomre 1977; Bertin et al. 1989) , in which trailing spiral density waves proceed slower than rotating material, compressing gas and dust into new stars. The spatial distributions of pixels across the spiral arms of NGC 5194 are consistent with such a compressing process: dense dust (before-arm) → newly-formed stars (after-arm). The pixels highlyextinct by dust result in the plume features in the pCMD.
Another factor is the effect of the interaction with NGC 5195. While the pixels in the inner disk of NGC 5194 have relatively symmetric properties (that is, the trends along A1-A2-A3 are similar to those along A4-A5-A6), the pixels in the outer disk (R > 2 arcmin = 4.8 kpc) show asymmetric properties in their population distribution. As shown in Fig. 17 , the young population (P1) fraction in the NGC 5195 side (B4) is larger than that in the opposite side (B2) by factor of 2.3 and the trend along B3-B4 is clearly different from that along B1-B2. This result indicates that the interaction with NGC 5195 significantly affects the stellar population in the area between NGC 5194 and NGC 5195, in the sense that the interaction enhances the star formation activity in the bridge area between NGC 5194 and NGC 5195.
Optically Resolved AGN?
Lanyon -Foster et al. (2007) reported hook features at the bright-end of the pCMDs in some early-type galaxies and explained them as the results of strong dust attenuation. However, the bright-end of the NGC 5194 pCMD has a reverse shape to those 'red hooks' reported by Lanyon-Foster et al. (2007) ; that is, brighter pixels have bluer colors in the bright-end part of the red pixel sequence. The pixels forming the tight sequence at the bright-end of the pCMD are within ∼ 100 pc from the NGC 5194 center.
It is known that NGC 5194 hosts an AGN (Ford et al. 1985; Terashima & Wilson 2001) , which is thought to significantly affect the photometric properties of the central area of NGC 5194. Today, according to the AGN unified model (e.g. Urry & Padovani 1995) , AGNs with various properties are regarded as objects with the same structure but different viewing angles, which consist of a black hole, an accretion disk, an obscuring torus, jets, and so on. Among those components of an AGN, the scale of an obscuring torus has been estimated with indirect methods (mainly from spectroscopic features) to be several parsecs (Pier & Krolik 1992) , several tens of parsecs (Pier & Krolik 1993) , or several hundreds of parsecs (Granato & Danese 1994; Granato et al. 1997) .
Although the estimates of the AGN torus size range somewhat widely, it is interesting that the size of the area occupied by the bright-end sequence pixels in the NGC 5194 pCMD is approximately consistent with the estimated size of the AGN torus. However, such agreement does not explain the origin of the tight sequence. If the light from those central pixels were stellar light, the obscuring torus would make those pixels redder, rather than bluer. Moreover, pixels closer to the NGC 5194 center tend to be bluer, showing a possibility that the bright-end sequence may be non-stellar light from the AGN itself.
If the bright-end sequence originates from the non-stellar light of AGN, the sequence features such as slope and color offset can be used as photometric parameters describing the properties of the AGN. Like many other pCMD parameters, this also needs to be tested using a large sample of AGNs, but this test requires very high-resolution images for sample AGNs. Since the approximate size of the bright-end pixel area is 100 pc in radius, spatial resolution better than a few tens of parsecs per pixel is necessary to estimate the sequence reasonably. If it is supposed that the acceptable resolution is 30 pc pixel −1 , the photometric pixel sequences of AGNs can be studied up to z ∼ 0.015 using the HST (0.1 ′′ resolution) and up to z ∼ 0.18 using an adaptive optics system (0.01 ′′ resolution).
CONCLUSION
We carried out a pixel analysis of the interacting face-on spiral galaxy NGC 5194, using HST/ACS images in the BV I bands. Three major results were presented. First, we derived several quantities describing the pixel color-magnitude diagram (pCMD) features of NGC 5194, such as blue/red color cut, red pixel sequence parameters, blue pixel sequence parameters and blue-to-red pixel ratio. Those parameters reflect the internal properties of NGC 5194, such as age, metallicity, dust content and galaxy morphology. In the luminosity-weighted mean stellar age estimation with solar metallicity and τ V = 1 assumptions, the red sequence pixels are mostly older than 1 Gyr, while the blue sequence pixels are mostly younger than 1 Gyr. The color variation in the red pixel sequence from V = 20 mag arcsec −2 to V = 17 mag arcsec −2 corresponds to a metallicity variation of ∆[Fe/H] ∼ 2 or an optical depth variation of ∆τ V ∼ 4 by dust, but the actual sequence is thought to originate from the combination of those two effects. At V < 20 mag arcsec −2 , the color variation in the blue pixel sequence corresponds to age variation from 5 Myr to 300 Myr in solar metallicity and τ V = 1 assumptions. The spatial resolution dependence of the pCMD features was tested for the future comparisons between galaxies with different image resolutions, and we found that the pixel resolution needs to be better than 100 pc pixel −1 for the investigation of pCMD features.
Second, we found that the spatial distributions of pixel stellar populations are significantly affected by the spiral arm patterns and the tidal interaction with NGC 5195. The pixel population distributions across the spiral arms agree with a compressing process by spiral density waves: dense dust (before-arm) → newly-formed stars (after-arm). The interaction between NGC 5194 and NGC 5195 also enhances the star formation at the tidal bridge area connecting the two galaxies.
Finally, we found that the pixels corresponding to the central area (around the AGN) of NGC 5194 show a tight sequence in the bright-end of the pCMD, of which spatial extent is R ∼ 100 parsecs. The origin and mechanism of the tight bright-end pixel sequence are not sufficiently explained in this paper, but the sequence seems to be worth a comparison between various AGNs using high-resolution imaging data in the future, because it may be a photometric indicator of AGN properties. This paper presents the first results of the pilot studies for an observational research project, Pixel Analysis of Nearby Cluster Galaxies (PANCluG). All authors are the members of Dedicated Researchers for Extragalactic AstronoMy (DREAM) in Korea Astronomy and Space Science Institute (KASI). H.S.P. was supported by Mid-career Researcher Program through NRF grant funded by the MEST (No.2010-0013875) . We appreciate the anonymous referee for the useful comments. 
, where x is the color index (B − V or V − I). 
